Digital microscopy, a comprehensive integration of digital imaging and light microscopy, can assist the pathologist to observe, acquire, record, share, analyze, and manage pathology image data. To lead the activity for establishing new generation digital microscopy capacity, novel concepts and strategies of digital pathology information flow and digital pathology platform were designed to integrate personal digital pathology microscopy workstations and other pathology imaging modalities with centralized data storage/management. In addition, a strategy for Web-enabled interactive telepathology that would permit global capacity was designed. A novel concept of high content pathology was also created to develop an automated tissue microscopy imaging and screening approach. These new concepts, strategies, and approaches guided the development and implementation of a digital pathology platform, a telepathology platform, and automated tissue slide imaging capacity. Digital microscopy photography is now able to replace photographic film in toxicologic pathology. Digital pathology and telepathology platforms can provide a networked environment for multisite, global team participation. Our practice also ascertained the central value of digital microscopy which can provide innovative quantitative pathology information and data mining capability with various imaging biomarkers via advanced digital image processing and pathology informatics; these are now the focus of ongoing development.
INTRODUCTION
The light microscope has been an essential tool of the pathologist for more than 100 years and has drastically changed many concepts of cell biology and pathology (Purtle, 1974; William, 2003) . During the past 50 years, besides continued improvement of the optics, a major technological advance in light microscopy imaging was the innovation of video microscopy in the 1970s (Inoue, 1986; Shotton, 1993) . Although analog electronic technology in video microscopy advanced rapidly and played an important role in microscopy imaging, the application in pathology was limited by poor image resolution and lack of required functionality. With recent advancements of tissue labeling/processing techniques, imaging sensors, digital image processing, image analysis, and personal computer technologies, as well as global networking, we are currently facing a remarkable renaissance of light microscopy-digital microscopy imaging or digital microscopy 1 (Shotton, 1993; Taylor et al., 1994; Wootton et al., 1995; Ying et al., 2001; Pickering, 2003) . This technology has the potential to impact the field of toxicologic pathology.
Digital microscopy is an emerging technology which is the comprehensive integration of light microscopy and digital imaging. Technically, digital microscopy technology combines optical, electronic, mechanical, digital imaging, image processing, image analysis, automated control, networking, and computer technologies. Digital microscopy is an enabling technology that assists the pathologist to observe, acquire, record, share, analyze, and manage pathology image data. In this paper, new concepts and strategies are introduced which evolved from our application and development efforts. The implementation of the concepts, strategies, and approaches are also presented as well as remaining challenges.
CONCEPTS AND STRATEGIES
Digital microscopy is expanding in toxicologic pathology. It was recognized that this is not just applying one new microscopic imaging technology; but rather new concepts that would guide new approach and ongoing development and application.
Digital Pathology Imaging: An electronic form of pathology image data is required for data recording and sharing with current digital documentation and quantitative pathology analysis. Although electronic or digital imaging was available for more than 30 years, the applications were very limited due to low image quality. Pathologists were mostly dependent on optical photographic film for image recording and sharing. However, innovations in digital imaging have rapidly progressed over the past 5 years allowing for acceptable high-resolution light microscopy images. Thus, our first effort was to select appropriate digital imagers to obtain photo-quality digital images. One central criterion used in the design was to match the optical resolutions of light microscopy to avoid any loss of information during the conversion from the optical to the digital image. The electronic image resolution requirement was mathematically calculated, based on the theoretical resolution of the objective lenses, the Nyquist sampling principle and digital measurement theory (Ying, 1995; Gonzalez and Woods, 2002; Smith, 2002) . It is important to note that microscopic image 50 MCCULLOUGH ET AL. TOXICOLOGIC PATHOLOGY FIGURE 1.-Diagram shows modulation transfer function (MTF) of imaging components. Each component in a digital microscopy imaging system has its own nonlinear MTF, which may considerably impact image quality. However, unlike conventional film photography, which also has nonlinear processing, digital imaging MTFs are measurable and correctable. resolution is not only geometric but also color (or intensity) dependent, making color-depth resolution an essential consideration. Other considerations include non-linearity in the electronic and digital imaging pathways ( Figure 1 ).
Digital Pathology Information Flow and Digital Pathology
Platform: Traditionally, the pathologist provides a diagnosis based on macro-and microscopic examinations of organs, tissue sections, or cells. These observations/analyses are based on optical macro-or micro-imaging techniques. With recent innovations in bioimaging technologies, there are now many more tools available that enables the generation of new data (Delnomdedieu et al., 1996; Gareau et al., 2002; Laxman et al., 2002; Rudin and Weissleder, 2003) . The digital revolution allows us to convert and integrate a wide FIGURE 2.-Flow diagram depicting ever increasing informatic approaches in toxicologic pathology (blue-lined blocks), as compared to the more traditional optical imaging (green-lined blocks). range of information utilizing a digital pathology imaging information flow approach (Figure 2). While traditional optical macro-and microscopy approaches are retained, the approach is expanded to easily obtain additional data sets with photographic quality digital images. The information flow approach allows one to easily obtain, record, manage, datamine and present the image data. This approach is also an essential step for quantitative analysis, integration of pathology data, and report generation, if needed.
In line with this new approach, a concept of the digital pathology platform was designed. Two network links were designed for secured high information throughput, in which one network is an open connection within the organization Intranet, the other being a closed high-speed (1-Gigabit net or 10-Gigabit net) network specially designed for high Vol. 32(Suppl. 2), 2004 DIGITAL PATHOLOGY IMAGING 51 content digital pathology imaging. The two network links were designed as the digital backbone of the platform. In this concept, the platform not only integrates all digital microscopy imaging systems, but also draws from other specific imaging modalities, such as the confocal and electron microscope, and laser microdissection systems in support of specific imaging studies. All critical data are saved in the centralized high-speed storage server for secured data storage within the platform. The data storage may need to meet CFR Part 11 compliance.
Web-Enabled Interactive Telepathology: The current design of the digital pathology platform is principally for department-based local applications. However, to capitalize on institutional knowledge and experiences, it is important to facilitate collaborations and consultations between global research sites in an efficient and time-sensitive manner. Therefore, another concept for the platform was Web-enabled interactive telepathology (Figure 3 ). Telepathology technologies can be categorized as "static" or "dynamic" (Kayser et al., 1999; Kaplan et al., 2002) . With static telepathology, data is first stored then forwarded to other sites as compared to dynamic telepathology in which data are exchanged online in real-time. It has been reported that the acceptance rate for "static telepathology" was low (Mairinger et al., 1998; Cross et al., 2002) . Our own internal survey also indicated low acceptance for "static telepathology" which, therefore, prompted the "dynamic telepathology" approach to allow pathologists to work remotely to control microscopic image acquisition.
To design the telepathology approach, the following goals were set: r on-line pathology image sharing among pathologists/ scientists at all Aventis research sites; r immediate consultation when second opinion needed; r real-time pathology imaging enhanced discussions; and r rapid tissue slide review possible from any other locations worldwide via the secured Intranet.
Based on these goals, existing applications, and available technologies, a strategy of Web-enabled interactive telepathology was designed. The strategy relies on: r combining both "store-and-forward" and "dynamic" telepathology methods, with automated digital microscopy techniques and the secured Intranet; and r employing robotic telemicroscopy and virtual microscopy imaging technologies as the primary tool to remotely control Web-enabled review of tissue slides and capture images of interest interactively.
One key concept designed for this approach is "multipoint" robotic telepathology, which was conceived from an earlier failed "point-to-point" telepathology trial. Unlike "point-to-point" telepathology which only allows one-to-one 52 MCCULLOUGH ET AL. TOXICOLOGIC PATHOLOGY FIGURE 4.-"Multipoints" concept built in Aventis telepathology platform, permitting multiple viewers at different locations simultaneously evaluating online microscopic images. discussion, the multipoint allows multiple pathologists/scientists to access tissue slide(s) from different locations simultaneously ( Figure 4 ).
Virtual Multihead Microscope:
A virtual multi-head concept was originated for extending the capacity of the personal digital microscopy workstations. The concept is simple: transmit, in near real-time, the microscopy image to remote workstations for those invited (e.g., external consultants) to join the slide review, similar to a regular multihead microscope but distance-free. Since the host pathologist operates the microscope, no remote microscope controls are needed.
High Content Pathology:
To meet the challenges of the postgenomic era, a new concept of high content pathology (HCP) was created for integrating automated highthroughput digital microscopy imaging, imaging biomarkers, high content cell/tissue screening, and pathology informatics in order to provide multiplexed and data-rich information. Since the introduction of high content screening (HCS) (Giuliano and Taylor, 1998) , the concept has been widely accepted leading to a newer concept of high content biology (Hargreaves, 2003) . Similarly, by applying the concept of HCP, we could more easily integrate and apply digital pathology technologies and pathology informatics, with genomic/molecular biology data in a day-to-day practice.
The primary goals for the HCP concept include: (1) automated, high-throughput microscopic tissue slide imaging, and (2) tissue-section-based digital image analysis as compared to traditional single-field-image-based analysis, and finally, (3) pathologist-defined screening of various cell markers.
The ambitious goal is to finally provide availability of high content pathologic information which will improve the diagnostic processes in toxicologic pathology. We also expect this approach to significantly increase productivity and reduce turnaround time for meaningful results, by replacing single image-based analysis with whole-tissue-section image analysis ( Figure 5 ).
IMPLEMENTATION AND DEVELOPMENT
During the past two decades, renovations of the light microscope itself have resulted in modern pathology microscopic systems with more functions and much better optics that have almost reached theoretical limits. Although there are new designs for light microscopes with digital image output, most microscope systems currently in use lack digital imaging and networking capacity. , and then interactively guide the computer to determine objects of interest, such as the nuclei (images C and D). After objects of interest are defined, the algorithm applies similar criteria to perform analysis for the entire tissue section automatically, without the need to select different fields. The color graphic overlay on image D is an example of a computer-detected "shape factor," which provides information about the "roundness" of the structure of interest, on an entire virtual tissue section. platform, pathologist personal digital microscopy imaging workstations were integrated to meet emerging needs of digital microscopic imaging, including digital microscopic photography, pathology image data recording, sharing and management, as well as computer-assisted pathology image analysis.
In our configuration, we utilize the Nikon E1000M microscope system (Nikon Instruments, Japan) as the primary microscope, because of its automated operation feature and excellent optical specification with low magnification objectives. To match the optical microscopy resolutions in pathology imaging, we tested and compared various CCD cameras. Considering the applications and balancing digital camera specifications, performance and costs, the Nikon DXM-1200 was selected as our primary digital camera for the workstation. The DXM-1200 camera provides 9 different resolutions up to 12 million pixels (3,840 × 3,072) in 24-bit RGB color, which can basically meet all of the different pathology microscopy imaging requirements. The primary imaging software in the workstation includes the Nikon ACT-1 for image acquisition, analySIS (Soft Imaging Systems, Lakewood, CO) for imaging and image analysis, MedServer (Trestle Corp., Newport Beach, CA) for the virtual multihead function, and Trestle's MedMicrosocpy for telepathology. Since the workstation is a basic module linked to our digital pathology platform, more functions can be obtained and controlled from the central servers.
Digital Pathology Platform: Based on this concept of digital pathology information flow and the design of the digital pathology platform, a digital pathology platform was created department-wide ( Figure 6 ). Besides the personal digital pathology workstations, core microscopic facilities was established. Optical fiber based 10-gigabit networking was initially designed for the platform, but considering the cost, only 1 giganet was implemented. Test results demonstrated that the networking performance was acceptable for most current applications. A secured centralized high-speed storage server was set up specifically for this platform, which ensured required data security (Ying and Monticello, 2002) .
Telepathology Platform: Based on the evaluation of function/performance and reliability of available telepathology technologies and systems, Trestle's MedMicroscopy was selected as the primary component for our telepathology platform. According to the concept design and existing telepathology needs, the telepathology platform consists of 4 major systems: robotic telemicroscope server, personal telepathology remote controller and viewer, personal virtual 54 MCCULLOUGH ET AL. TOXICOLOGIC PATHOLOGY FIGURE 6.-Diagram illustrating structure of a digital pathology platform, which integrates all pathologist personal microscopy imaging workstations and other bioimaging modalities. multihead microscope server, and online virtual tissue slide database system. Our results showed that the 2 central specifications, image quality and transfer speed, are well balanced for our telepathology practice (Table 1) . Currently, we have set up multiple telemicroscopy servers in our U.S., Germany, and France sites, which can be simultaneously accessed from any location within the Aventis-secured Intranet. To minimize the need of training for use of these new techniques, a Telepathology Web site was developed to integrate all of the modules (Figure 7) . With the Web page, pathologists no longer need to take multiple steps to make a link to other sites; just a click the launch button results in the telepathology viewer automatically linking to the remote telepathology server.
Automated Tissue Slide Imaging: Automated digital microscopy tissue imaging plays an essential role in the Mean ± SD (sec) for one image transferred, n = 30, measured approximately at 8:00 am, 11:00 am, and 3:00 pm, Eastern Time. The tests were conducted for real-time remotely controlling the microscope located in Frankfurt and acquiring the images; and for virtual slide image equivalent to microscopy with 2× objective lens and previously saved. To include the slide moving time, we tested both images next to each other and with 20 mm distance. high content pathology concept. Currently, many companies are commercially developing automated tissue slide imaging and/or automated tissue image analysis technologies (Table 2) . We currently employ the MedScan technology from Trestle Corporation as our primary option for the automated high-resolution digital slide imaging. The Med-Scan utilizes conventional CCD imagers to capture digital images with embedded unique auto-focusing and continuingscan-imaging methods quickly forming a high-quality digital slide.
CHALLENGES AND SOLUTIONS
Although great progress has been made in digital pathology microscopy, this new technology is still in its infancy. The challenges to the developers and to the users are still great. At a high level, these challenges can be grouped in 3 Technological Challenges: Digital microscopy has achieved photo-like image quality. However, technological challenges still remain for the digital slide (or virtual slide), which is an essential component in a future digital pathology imaging workflow. To increase productivity, the goal is for whole-tissue-section processing instead of dealing with the current multiple single-field images. The challenges for the large size of the image data are requirements for high-power computation, large storage capacity and new image formats, as well as novel processing algorithms. Thanks to the advancement of IT technology, the 64-bit desktop computer and operating system are currently available and the cost of storage media has dropped to an affordable level. Following a review of the major image formats, multiple page TIFF and JPEG 2000 were selected as the primary image formats with potential utility for the digital slide (Ying et al., 1999; Taubman et al., 2001; Siragusa 2002) . Other image formats such as DICOM are also under consideration (Miano, 1999; Ying et al., 1999) .
Once digital slide data are available, major subsequent processing for automated tissue image analysis is required for automated pathology slide screening in the HCP approach. This will be a big challenge to both the pathologist and developer. Potential solutions include utilizing all possible tissue image features to develop the algorithms (Table 3) , and employing innovative segmentation techniques to recognize complex tissue patterns. Pathologists will have to work closely with the developers to embed pathology knowledge into the system for the image interpretations and data mining. This approach will have to start with specific cases and then expanded to general applications.
Regulatory Compliance: It is necessary to create a tool to manage multidimensional pathology images, which will also help facilitating data mining (the conversion of image data into knowledge). Accordingly, integration of the image database with the metadata database (e.g., text information, imaging conditions, etc.) will be complicated. In addition, since all data are in an electronic form, the technology will have to be 21 CFR Part 11 compliant to support regulatory studies. One of our solutions is to establish a multilayer Web-accessible pathology image database for various image data in pathology studies. To prepare it for potential GLP studies, we consider the issues of: (1) integration with image acquisition and analysis, (2) configurable administration, (3) comprehensive auditing, (4) project archive/restore, (5) image versioning and validated time stamps, (6) advanced user access management, (7) electronic long-term archive option, (8) image file life cycle management, and (9) electronic signatures.
Methodological Challenges: It is human nature not to readily accept change and new or immature methodology, especially in the early stage of application. An approach for implementing these adjustments could include applying the SUMMARY AND DISCUSSION Currently, for most pathologists, digital microscopy imaging only provides for a capability of digital photography, to easily record finding, and share/report the image information with their colleagues more objectively. These simple requirements may not be great enough to attract pathologists to adopt the full digital platform paradigm. However, technologic advancement is changing this situation. Newly developed digital microscopy imaging technologies have provided scientists more capabilities than just digital photography (Jason et al., 2003; Jenkins, 2003; Kriete et al., 2003) . Our work is attempting to integrate these new technologies, by development of new concepts, strategies, algorithms and techniques, to provide pathologists a new integrated platform with new approaches. The effort is crucial for us to obtain more objective/quantitative data, even novel data that may have been previously impossible to obtain, via computerassisted analysis and bioimaging informatics. These efforts are essential for integration of entire pathology information into electronic/digital formats, and are necessary so we do not become isolated from global networking in the digital age. Based on the requirements for toxicologic pathology and currently available technologies, we created some new concepts, such as the digital pathology platform, the Web-enabled interactive telepathology, the virtual multi-head microscope, and high content pathology. These new concepts and strategies guide our development and implementation, and have resulted in establishment of an Aventis digital pathology platform, Aventis telepathology platform, and automated tissue slide imaging capacity.
Our practice indicated that digital microscopy photography is now ready to replace photographic film in toxicologic pathology. Digital imaging provides the pathologist with more efficient way to record and share microscopic findings, with film equivalent image quality. Our results also demonstrated that the Web-enabled interactive telepathology is a practical approach to integrating our pathologists in multiple locations. The virtual multihead microscopy method provided individual pathologists in the office a way to work with his/her colleagues online by sharing the slide view personally. Internal results indicate that the digital slide (virtual slide) could become a very useful dataset for pathologists for virtual slide review, telepathology, and quantitative analysis. Preliminary studies indicate that the whole-tissue-sectionimage analysis can significantly increase productivity of the pathology image analysis, we speculate, these benefits may ultimately change the way toxicologic pathologists work in the future.
Although more and more pathologists and bioimaging scientists are currently realizing the potentials of digital microscopy imaging, much technical development is still required since the new technologies and approaches are still in their infancy. The high-content pathology approach will generate multiple data matrixes and will require very complicated pathology image interpretation. Namely, we need to input pathologists' knowledge into the computer, and develop advanced algorithms for the data mining. It is obvious that development of sophisticated pathology imaging informatics will be crucial. For this challenge, it will be necessary to have close collaborations with bioimaging scientists, engineers and pathologists to develop solutions, step-by-step, according to applications and priorities. In addition, the bigger challenges are not only from the technology, but also from the regulatory and methodological aspects. We suggest strongly that the pathologist be actively involved in the methodological innovation more deeply. New workflows, standard operating procedures, and data formats, designed by pathologists, will better serve the pathologist in the future. Today's new technology is tomorrow's opportunity.
